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Objectives: Direct acoustic cochlear implants directly stimulate the 
cochlear fluid of the inner ear by means of a stapes piston driven by an 
actuator and show encouraging speech understanding in noise results 
for patients with severe to profound mixed hearing loss. Auditory evoked 
potentials recorded in such patients would allow for the objective evalu-
ation of the aided auditory pathway. The aim of this study was (1) to 
develop a stimulation setup for EEG recordings in subjects with direct 
acoustic cochlear implants, (2) to show the feasibility of recording audi-
tory brainstem responses (ABRs) and auditory steady state responses 
(ASSRs), and (3) to analyze the relation between electrophysiological 
thresholds derived from these responses and behavioral thresholds.
Design: For the three subjects implanted during a phase Ib clinical study 
in the authors’ center, ABRs and 40 and 80 Hz ASSRs were recorded 
with a straightforward acoustic stimulation setup and a newly developed 
direct stimulation setup. Click trains with rates around 40 Hz and around 
90 Hz were used as stimuli. By comparing amplitude growth function 
and phase delay in the same stimulus range, validity of the responses 
was confirmed.
Results: With the acoustic stimulation setup, stimulation artifacts made it 
impossible to analyze responses. With the direct stimulation setup, stim-
ulation artifacts could be removed completely and responses could be 
successfully recorded in a noninvasive manner in all subjects. Response 
properties such as ABR peak V latencies and ASSR apparent latencies 
were similar to those for acoustic stimulation, with apparent latencies of 
39.9 and 24.7 msec for 40 and 90 Hz, respectively. Electrophysiological 
thresholds could be objectively determined from the ABRs and ASSRs. 
In the 40 Hz range, the mean difference between electrophysiological 
ASSR thresholds and behavioral ones was 12 dB.
Conclusion: The results show that auditory evoked potential measure-
ments with the developed direct stimulation setup are feasible and 
meaningful and should be further investigated to provide intraoperative 
feedback about the coupling of the actuator to the inner ear.
Key words: Acoustic hearing implant, Auditory brainstem response, 
Auditory steady state response, Direct acoustic cochlear stimulation, 
Electrophysiology, Mixed hearing loss, Objective measures.
(Ear & Hearing 2015;36:320–329)
INTRODUCTION
For patients with severe to profound mixed hearing loss, sev-
eral different treatment options are available. As some cochlear 
reserve remains, acoustical stimulation, utilizing the human 
cochlear function, can improve audiological results in difficult 
listening conditions (Büchner et al. 2009). Nevertheless, due 
to the severity of hearing loss, conventional hearing aids and 
less powerful acoustic hearing implants will only have limited 
benefit (Verhaert et al. 2013; Zwartenkot et al. 2014). Electrical 
stimulation of the cochlea through cochlear implants (CIs) is 
another well-established therapy but generally requires longer 
rehabilitation. Present-day technology does not adequately code 
speech’s fine structure and shows limited F
0
 information trans-
mission (Milczynski et al. 2009; Blamey et al. 2013). Although 
rarely encountered in standard cases, cochlear implantation in 
advanced otosclerosis, a common cause of severe to profound 
mixed hearing loss, can result in fitting problems such as facial 
nerve stimulation (Toung et al. 2004). Despite the fact that CIs 
are associated with a higher chance of acceptable speech under-
standing in quiet (Merkus et al. 2011), the above mentioned 
possible drawbacks could persuade caretakers to tend stapes 
surgery before cochlear implantation in advanced otosclerosis.
Recently, a powerful acoustic hearing implant for direct 
acoustic cochlear stimulation was developed and showed 
encouraging results for speech understanding in noise, being an 
indicator for real-life communication, for subjects with severe 
to profound mixed hearing loss (Busch et al. 2013; Lenarz et al. 
2013, 2014). Subjects with air conduction thresholds classi-
fying them as CI candidates were able to achieve remarkable 
improvements in speech understanding in noise with direct 
acoustic stimulation. In addition, a much faster speech and hear-
ing rehabilitation compared to the period typically observed 
after cochlear implantation was noted. In this implant system, 
an actuator causes mechanical movement of a rod coupled to the 
inner ear fluid at the level of the oval window. By doing so, the 
direct acoustic cochlear implant (DACI) provides the amplified 
signal directly to the cochlea, through an acoustical pathway.
At this stage of development, an important challenge for 
DACIs is the assessment and fitting of this device to the needs 
of the individual patient. For established hearing implants 
such as CIs, several objective electrophysiological measures 
are available. Electrically evoked auditory potentials can be 
recorded from within the cochlea (Brown et al. 1990). Auditory 
brainstem responses (ABRs), regularly used for threshold deter-
mination in infants, have been determined experimentally dur-
ing stapedotomy surgery (Stapells & Oates 1997; Hsu 2011). 
Initially proposed for clinical hearing testing (Galambos et al. 
1981), auditory steady state responses (ASSRs) with acoustic 
stimuli have been used intraoperatively to monitor the residual 
hearing during cochlear implantation (Oghalai et al. 2009). 
Furthermore, electrically evoked ASSRs have been investigated 
in CI subjects (Ménard et al. 2004; Hofmann & Wouters 2010, 
2012). In humans, the largest response amplitudes are seen 
for ASSRs with stimulus rates around 40 Hz, but responses 
can also be recorded for other modulation frequencies, being 
around the 20 and 90 Hz range (Cohen et al. 1991). Ninety 
hertz responses are more robust under general anesthesia. In 
general, these methods allow standardization of the implant’s 
functional assessment and its concomitant scientific reporting. 
Although direct cochlear acoustical stimulation was proven to 
be clinically effective and safe with approval for clinical use in 
Europe (Lenarz et al. 2014), the availability of such measures 
for DACIs is important for the objective evaluation of large 
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parts of the auditory pathway both during (intraoperatively) and 
after implantation (postoperatively). As the number of implan-
tations will grow, early research in this field is urgently needed. 
Thereby providing the necessary tools to objectively evaluate 
the outcome of new applications, for example, in case of alter-
native DACI coupling to the inner ear.
The objectives of this study were to (1) develop objective 
electrophysiological measures for direct acoustic cochlear 
stimulation in humans, both in the time domain (ABRs) and 
frequency domain (ASSRs); (2) evaluate the ability of such 
responses to assist in future intraoperative testing and the 
device’s fitting process; and (3) analyze the relation between 
electrophysiological thresholds derived from these responses 
and behavioral thresholds.
METHODS
Subjects and Device
So far, only a limited number of subjects in a few countries 
were implanted. The implantations occurred during a multi-
center clinical study (Lenarz et al. 2014). Three subjects with 
severe to profound mixed hearing loss were implanted at the 
University Hospitals Leuven and all of them took part in the 
experiments (Table 1). The subjects had advanced otosclerosis 
and underwent an implantation with a Codacs DACI (Cochlear 
Ltd., Sydney, Australia). Clinical and surgical information are 
described in detail in Lenarz et al. (2013). All the experiments 
on subjects were performed at least 4 months after activation of 
the DACI device. The experiments were approved by the Medi-
cal Ethics Committee of the UZ Leuven/KU Leuven (approval 
number B322201112184). The protocol had been assigned a 
NCT01780025 ClinicalTrials.gov ID. The subjects took part 
voluntarily and gave their written informed consent.
The Codacs DACI system consists of an external speech pro-
cessor and an internal implant connected by a wireless radio 
frequency (RF) transmission link that provides both power and a 
bidirectional communication link. The incoming acoustic signal 
is received by the speech processor, sampled at a rate of 19607 
Hz and preprocessed. Each individual sample is then converted 
to an RF frame and transmitted to the implant along a 5 MHz 
RF link (Zeng et al. 2008). The RF frames are decoded in the 
implant and used to drive an electromagnetic actuator in the 
middle ear. The actuator in turn is connected to a conventional 
stapes prosthesis coupled to the perilymph of the inner ear.
Stimulation and Recording Setup
The stimulation and recording setup is shown in Figure 1. The 
experiments are controlled by a measurement laptop equipped 
with the RBA measurement software platform developed in our 
lab (Hofmann & Wouters 2012). RBA handled both the genera-
tion of the stimuli and the recording of the evoked responses.
Two different methods for the generation and transmission 
of the auditory stimuli were evaluated. For analog stimulation, 
the stimuli generated by RBA at a sample rate of 32 kHz were 
provided to an external RME Hammerfall DSP Multiface II 
sound card, which was connected via the personal audio cable 
accessory to a Cochlear Freedom speech processor. The speech 
processor was equipped with a customized pass-through firm-
ware that did not modify the acoustic signal from the audio 
cable. The optional equalizer of the firmware was disabled. For 
direct stimulation, the stimuli were generated at the frame rate 
of the DACI of 19607 Hz. The digital stimuli were directly sent 
to a programming device (POD) connected to a Cochlear L34 
research speech processor. For both methods, the clinical pro-
cessor of the subjects was not used.
For recording, surface electrodes were placed on the head of 
the patients in accordance with the international 10–20 system 
(Malmivuo & Plonsey 1995) at conventional ASSR positions 
(Johnson & Brown 2005). The reference (negative) electrode 
was placed on the ipsilateral mastoid (TP
9
 or TP
10
) relative to the 
side of the implanted DACI. The active (positive) electrode was 
placed on the vertex (C
Z
), and the ground electrode was placed 
on the contralateral mastoid (TP
9
 or TP
10
). The electrode-skin 
contact was prepared by scrubbing and cleaning, with resulting 
electrode impedances of 5 kΩ or less as verified with a General 
Devices EIM-107 Prep-Check Plus EEG electrode impedance 
meter. The electrodes were connected to a Stanford Research 
Systems SR560 medical preamplifier with a variable gain of 20 
000 to 50 000. The internal linear band pass filter (6 dB/octave 
attenuation outside the pass band) of the amplifier was set to 
0.3 to 30 kHz. The amplified signal was recorded by the RME 
sound card and saved on the measurement laptop. Recording 
occurred at a sample rate of 32 kHz with 24 bit resolution at 
about 10 V
PP
, resulting in a least significant bit of 0.02 nV at an 
amplification of 50 000.
For analog stimulation, stimulation and recording were 
inherently synchronized as both were done with the same RME. 
The latency between stimulation and recording because of the 
processing delay in the speech processor (SP12) was deter-
mined by the position of the stimulus artifacts (see below). For 
direct stimulation, trigger pulses generated by the POD for each 
stimulus were recorded by the RME alongside the EEG.
During the measurements, the subjects were either sitting in 
a comfortable chair or lying on a couch and instructed to move 
as little as possible. They watched a silent subtitled movie to 
keep them awake.
Stimulus Construction and Verification
For all experiments, the stimulus intensity was expressed in 
dBpeFS, that is, as the level of a sinusoid with the same peak 
amplitude as the stimulus clicks, relative to the level of a max-
imum-amplitude sinusoid generated with direct stimulation. 
TABLE 1. Overview of the tested subjects
Subject Sex Age PTA (AC/BC) in dB HL Side Etiology
S1 F 62 96/58 Left Otosclerosis
S2 M 78 117/64 Right Otosclerosis
S3 M 50 111/66 Right Otosclerosis
Age: at the time of testing (in years).
AC, air conduction; BC, bone conduction; F, female; M, male; PTA, unaided average pure-tone audiometry threshold at 0.5, 1, 2, and 3 kHz.
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For analog stimulation, monophasic alternating (condensa-
tion—rarefaction) clicks with a click width of 100, 200, and 
300 μsec were generated by the RME. For direct stimulation, 
monophasic alternating clicks with a click width of 102, 204, 
and 306 μsec, corresponding to 2, 4, and 6 RF frames, respec-
tively, were used.
Correctness of stimulation was verified in a three-step pro-
cedure. In the first step, the stimulation patterns were validated 
with an oscilloscope connected to a DACI implant-in-a-box. 
The scope showed the RF signal from the coil obtained by 
inductive coupling, the actual sample values decoded from the 
RF frames, and the output of the DACI implant-in-a-box to the 
actuator (Fig. 2). The output signal was also provided to a pair 
of headphones allowing additional subjective evaluation to the 
researcher. For direct stimulation, the scope was synchronized 
to the trigger from the POD.
In the second step, the EEG analysis was replicated on 
the bench. The stimulus artifacts originating from the RF 
transmission were measured with electrodes in a 1 L plastic 
bowl containing physiological saline solution (NaCl 0.9%), 
mimicking the electrophysiological human head. The coil of 
the speech processor was fixed against the bowl by a mag-
net directing the RF energy at the recording electrodes posi-
tioned under the surface of the saline solution. The positions 
of ground, active, and reference electrode were fixed both 
relative to each other and to the RF coil. The same record-
ing setup and amplifier settings as for the physiological EEG 
measurements were used.
In the last step, the velocity of the stapes prosthesis for dif-
ferent stimuli was measured with Laser Doppler Vibrometry 
(LDV, Laser head OFV534, Polytec Inc., Europe) and recorded 
by a Rohde and Schwartz UPV audio analyzer.
Fig. 1. Stimulation and recording setup. DACI indicates direct acoustic cochlear implants; POD, programming device. Line colors show connections for dif-
ferent stimulation setups: red—analog stimulation, blue—direct stimulation.
Fig. 2. Screenshot of direct acoustic cochlear implants stimulus verification setup. From top to bottom, left (20 msec trace, 2 msec per division): trigger (blue), 
captured RF (yellow), actuator output (purple), actuator output low-pass filtered with 10 kHz (green); right (1 msec trace, 100μsec per division): decoded 
stimulus amplitude (orange), and zoomed versions of the left plots.
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EEG Analysis
The EEG signal was divided into epochs of 32 768 sam-
ples, resulting in an epoch length of 1.024 sec. Each individual 
EEG measurement lasted about 6 minutes and was manually 
stopped after about 350 epochs were recorded. To reduce the 
effect of recording artifacts such as muscle movements and 
skin potentials on response detection and the determination of 
response properties, epochs were sorted by maximum peak-
to-peak amplitude and the top 5% of the epochs (i.e., the ones 
with the highest peaks) were removed from the measurement. 
After recording artifact removal, the average evoked response 
was determined by nonweighted averaging of all remaining 
responses to both condensation (positive) and rarefaction (nega-
tive) clicks.
Experiments
In a first group of experiments, the correct functioning of 
the analog stimulation setup as described above was verified 
with the oscilloscope and on the bench. As unusual artifact pat-
terns were observed for analog stimulation, as mentioned in the 
result’s section, pilot measurements were performed in vitro. 
To confirm the RF transmission as the source of the stimulus 
artifacts, the actually transmitted RF frames for a given analog 
stimulus were recorded and analyzed in Matlab.
To avoid distortion of responses by the observed artifacts, all 
further experiments were performed with the direct stimulation 
setup. The setup was again verified on the bench and the lin-
earity of the actuator peak amplitude for stimuli with different 
click widths and at different stimulus intensities was analyzed 
with LDV.
In three subjects, auditory evoked responses to 204 μsec 
click trains in the 40 and 90 Hz range at different stimulus 
intensities were recorded. In the 40 Hz range, click trains with 
rates of 33 and 44 Hz were used. For the 90 Hz range, rates of 
82 and 97 Hz were used. Participants recognized the stimuli as 
clicks with corresponding subjective loudness growth. Stimulus 
artifacts were removed by linear interpolation of the EEG dur-
ing a blanking period of 1.4 msec similar to the method used 
in Hofmann and Wouters (2012). The ABRs were determined 
in response to click trains with a repetition rate of 33 and 82 
Hz. The ASSR was obtained from the bin corresponding to 
the stimulation rate of the frequency spectrum of the average 
epoch. The response amplitude was determined as the absolute 
amplitude, and the response phase delay as the inverse phase 
of the frequency bin. To determine the delay introduced by the 
auditory system, the mean apparent latency (i.e., group delay) 
was calculated as the ratio of the differences of phase delay and 
stimulation rate divided by 2π (John & Picton 2000) for cor-
responding measurements with different stimulation rates in 
the vicinity of 40 and 90 Hz. Only measurements at stimulus 
intensities with significant responses at both stimulation rates as 
determined by a one-sample Hotelling T2 test (Hotelling 1931; 
Hofmann & Wouters 2010) were considered.
Electrophysiological thresholds were estimated from the 
amplitude growth functions per frequency range. A two-sam-
ple Hotelling T2 test was used to compare the responses for 
the two stimulation rates and to determine the presence of a 
neural response (Hotelling 1931; Hofmann & Wouters 2012). 
Thresholds were determined by bracketing, that is, as the mean 
between the last significant (p < 0.05) and the first insignificant 
response. In addition, thresholds were also estimated by visual 
inspection of the ABR recordings by an experienced clinician, 
and latencies of peak V were determined (Lasky et al. 1987). 
Behavioral thresholds were obtained for 200 μsec click trains at 
40 Hz using the 6 last reversals of a 2-up 1-down adaptive pro-
cedure (van Wieringen & Wouters 2001) and compared with the 
electrophysiological thresholds. Statistical correlations for the 
determined threshold were not calculated because of the small 
sample size.
RESULTS
Analog Stimulation
After the verification of the analog stimulation setup with 
the oscilloscope, simulated EEG recordings of the stimulus arti-
facts for 200 μsec click trains at different stimulus intensities 
were made on the bench without the actual implant or actuator 
present (Fig. 3). While the click width was always fixed at 200 
μsec, the resulting stimulus artifacts differed in length between 
2 and more than 15 msec for stimuli at −43 and 0 dBpeFS, 
respectively. The artifacts consisted of a sharp rise during the 
actual stimulating click, followed by a slow decay component 
and superimposed fast oscillations. For stimulus intensities of 
−13 dBpeFS and above, the slow decay component exhibited 
one or multiple peaks with a latency in the range of ABRs. To 
confirm the presence of similar stimulus artifacts in in vitro 
recordings, pilot measurements for 100 μsec clicks were per-
formed in three subjects (see Fig. 4 for an example). Again, 
similar stimulus artifacts could be observed, obscuring any pos-
sibly present neural response.
As the in vitro artifacts were very similar to the ones already 
observed on the bench, the RF transmission was considered 
the most probable source of the artifacts. Recordings with the 
oscilloscope of the low pass filtered RF signal revealed no low-
frequency component that could have explained the observed 
artifact. To account for any nonlinear demodulation effects in 
the saline solution, the ability of the root mean square (RMS) 
energy of the RF signal to predict the observed artifacts was 
explored (Fig. 3). Depending on stimulus intensity, correlations 
between RMS energy of the RF signal and stimulus artifacts 
ranged from ρ = 0.82 (−43 dBpeFS) to ρ = 0.98 (0 dBpeFS), 
confirming the RF transmission as the most probable source of 
the stimulus artifacts.
Direct Stimulation
For the direct stimulation setup, bench recordings of 200 
μsec click trains resulted in stimulus artifacts with a constant 
duration of less than 0.3 ms below 2μV independent of stimulus 
intensity, in contrast to the artifacts of the analog stimulation 
setup, which were much longer and varied in length (Fig. 5, 
left panel). LDV measurements of the oscillations of the sta-
pes prosthesis on the bench in response to 102, 204, and 306 
μsec click trains at different stimulus intensities confirmed the 
linearity of the direct stimulation setup for stimuli with peak 
amplitudes between −70 and −10 dBpeFS (Fig. 5, right panel). 
As the peak amplitudes of the 102 μsec clicks were attenuated 
by about 4 dB compared to the peak amplitudes of the 204 and 
306 μsec clicks, due to actuator impulse response characteris-
tics, all further experiments were performed with a click width 
of 204 μsec.
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Response Properties
Figure 6 shows representative examples of the time-domain 
response shapes in the 40 and 90 Hz ranges. Due to response 
filtering, the duration of stimulus artifacts increased to 1.4 msec 
in subjects, independent of stimulus intensity. Within the first 10 
msec, ABR peaks V with variable amplitude and latency can be 
seen for both frequency ranges. At a stimulus intensity of −30 
dBpeFS and stimulation rate of 33 Hz, peak V latencies were 
estimated at 6.03, 6.60, and 6.85 msec, for S1 to S3, respectively, 
which seemed to increase slightly with stimulation rate up to 
latencies of 6.66, 6.85, and 7.28 msec at 82 Hz. For the 33 Hz 
responses, middle latency responses could also be recognized.
ASSR amplitude growth functions of all three subjects for 
the 40 Hz range are shown in Figure 7. Similar growth functions 
were recorded for the 90 Hz range (Fig. 8). Response ampli-
tudes grew monotonically and did not seem to reach saturation 
at the highest stimulation level in 64 out of 66 measurements 
(except for S1 at 33 and 97 Hz). Out of 66 measurements, 54 
significant responses could be reliably recorded. The mean 
amplitudes of all significant ASSRs for all stimulus intensities 
across subjects were 646 nV (interquartile range [IR] = 687 nV) 
and 531 nV (IR = 583 nV), for stimulation rates of 33 and 44 
Hz, respectively. For the 90 Hz range, mean ASSR amplitudes 
for 82 and 97 Hz stimuli were 111 nV (IR = 90 nV) and 130 
nV (median, IR = 89nV), respectively. Comparison between 
the two ranges showed higher ASSR amplitudes for the 40 Hz 
(mean 588 nV, IR = 618 nV) than for the 90 Hz range (mean 
122 nV, IR = 85 nV). This difference was statistically significant 
(Wilcoxon signed rank test, p < 0.001).
The differences in phase delay between the two adjacent 
stimulation rates of all significant responses were calculated per 
frequency range (Figs. 7 and 8). The mean differences in phase 
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Fig. 3. Bench test recordings of the stimulus artifacts with the analog stimulation setup for 200 μsec click trains at different intensities: comparison between EEG 
recording (in blue) and the energy of the corresponding RF frames (in green). ρ: correlation coefficient. Measurement at +7 dBpeFS: clipped by firmware to 0 dBpeFS.
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different intensities (in equivalent dBpeFS).
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delay were 128, 207, and 77 degrees for the 40 Hz range (fre-
quencies 33 and 44 Hz) and 101, 139, and 207 degrees for the 90 
Hz range (82 and 97 Hz), for S1 to S3, respectively. Again, the 
difference between the two ranges was statistically significant 
(Wilcoxon signed rank test, p = 0.003). Mean apparent laten-
cies were 39.9 msec (SD = 9.7 msec) and 24.7 msec (SD = 13.0 
msec) for the 40 and 90 Hz range, respectively (Fig. 9). Both 
for the 40 and 90 Hz range, higher response latency values were 
calculated for S2 and S3 than for S1, although the difference 
was statistically not significant (p > 0.05).
Thresholds
The estimated electrophysiological thresholds detected 
from the ASSRs as well as from the ABR peak V and their 
relationship with the behavioral thresholds at 40 Hz can be seen 
in Table 2. Behavioral thresholds were lower than electrophysi-
ological thresholds, with mean differences between behavioral 
and electrophysiological thresholds of 12, 19, and 26 dB for 
electrophysiological thresholds based on 40 and 90 Hz ASSRs 
and ABR peak V, respectively.
DISCUSSION
Analog and Direct Stimulation
Only a few other studies have investigated the use of audi-
tory evoked potentials in acoustic hearing implants, none of 
them with digital speech processing devices. Verhaegen et al. 
(2010) reported ASSR measurements in four subjects with 
severe mixed hearing loss for the intraoperative verification 
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of a floating mass transducer (FMT) placement. Subjects were 
implanted with a Vibrant Soundbridge device (VSB, MedEl, 
Innsbruck, Austria), using a 404 analog audio processor driven 
by an audiometer. As the measurements were relative (i.e., 
ASSR thresholds with a certain FMT coupling compared to 
those with another coupling), the authors stated that the cali-
bration of the setup was of minor importance and no specific 
reporting on the artifacts was provided. In contrast to the DACI, 
the VSB device relies on analog sound transmission based on 
amplitude modulation, which could partially explain the dif-
ference in the observed artifacts. In temporal bone specimens, 
Radeloff et al. (2011) identified artifacts, occurring at 40 dB 
HL and above, which arose from electrical cross-talk of the 
FMT during electrocochleography (ECoG) using broad-spec-
trum clicks and sinusoidal tone bursts. Averaging of responses 
to rarefaction and condensation stimuli resulted in a significant 
reduction, with a remaining artifact arising from asymmetries 
in the rarefaction and condensation. The analog transmission 
resulted in linear growth of the artifacts, and no artificial sig-
nal was identified mimicking the typical shape of compound 
action potentials in their three subjects. A third study investi-
gated the role of intraoperative ECoG to optimize the place-
ment of the FMT of the VSB on the round window membrane in 
subjects with conductive and mixed hearing loss (Colletti et al. 
2012). Relative ECoG measurements using alternating clicks 
were recorded during FMT placement, demonstrating a reduced 
latency and higher amplitude of the compound action potential 
in the case of a better coupling of the FMT to the round window 
membrane. While such measurements might intraoperatively be 
also applicable for DACIs, certainly for analyzing the coupling 
to the cochlea, postoperative ECoG measurements remain dif-
ficult to perform due to the invasive nature of the measurement. 
Because of middle ear changes observed with mixed hearing 
loss, postoperative electrode placement for ECoG could be 
complex and cause local damage. In addition, ABRs and ASSRs 
provide information about the auditory pathway from the VIIIth 
nerve up to the auditory cortex that cannot be obtained from 
ECoG measurements (Picton et al. 2003).
In the present study, it was found that the stimulus artifacts 
for the investigated DACI were related to the energy of the RF 
transmission. In contrast, the actuator did not seem to interfere 
with the EEG recordings. With the analog stimulation setup, the 
nonlinear stimulus artifacts were much longer than the theo-
retical click stimuli and obscured any possibly present neural 
responses. The stimulus artifacts were directly linked to the 
RMS energy of the corresponding RF frames, suggesting that 
the actual stimuli extended beyond the monophasic clicks. This 
was confirmed by the decoding of the transmitted sample values 
in the RF signal, which showed a slow delay component of the 
actual stimuli with a similar length to the artifacts themselves. 
As inspection of the audio signal, provided to the personal 
audio cable accessory of the sound processor, showed stimuli 
that were very close to ideal clicks, the source of this effect is 
most likely found either in the circuitry in the cable or the signal 
processing hardware of the speech processor.
Because of these limitations, the proposed direct stimula-
tion setup was developed. By using a digital path that converts 
the stimulus directly into the corresponding RF frames, any 
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nonlinear effects because of, for example, the sample coding, 
are only present during the stimulus clicks, with enough time 
between the stimuli to record the neural responses. For ASSRs, 
time-domain interpolation of the EEG signal for the duration 
of the artifacts allows the recovery of the undistorted neural 
responses.
In clinical practice with unaided stimulation, click stim-
uli for ABR and ASSR measurements most commonly use 
a click width of 100 μsec. Beattie and Boyd (1984) showed 
that latencies increased approximately 0.1 msec as duration 
increased from 100 to 200 μsec. In the present study, stimula-
tion by a Cochlear Codacs DACI even with the direct stimula-
tion setup resulted in attenuated peak amplitudes for stimuli 
with a click width of 104 μsec when compared to the theo-
retical amplitude as seen for longer click widths. As such a 
click width corresponds to only two samples at the internal 
sample rate of 19607 Hz, this is most probably caused by the 
actuator impulse response characteristics. The selected click 
width of 204 μsec resulted in clearly recognizable ABR peaks 
V for most subjects, but more work is needed to determine the 
optimal stimulation settings for aided ABR recordings with 
such a device.
Response Properties and Thresholds
With the direct stimulation setup, ABRs and ASSRs could 
be reliably recorded. ABR peaks V were clearly recognizable 
in the 40 and 90 Hz range, but latencies were longer than for 
normal hearing subjects. This might be partially explained by 
a cochlear impairment, certainly in the basal (high frequency) 
portion of the cochlea (Yamada et al. 1979). The different ages 
and degrees of hearing loss of the three subjects tested might 
also account for some peak V latency variability (Jerger & Hall 
1980; Debruyne 1986). Standardized ABR peak V latencies 
obtained by aided stimulation with acoustic hearing implants 
are currently lacking in the literature. Overall, the recording and 
analysis of ABRs under general anesthesia seems feasible for 
future implantations.
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328  VERHAERT ET AL. / EAR & HEARING, VOL. 36, NO. 3, 320–329
ASSR amplitudes were similar to amplitudes for responses 
to electrical CI stimuli, using a similar setup (Hofmann & 
Wouters 2012), and amplitudes were larger in the 40 Hz than 
the 90 Hz range, as expected for human ASSR measurements 
(Lins et al. 1995; Picton et al. 2003). Amplitudes increased non-
linearly with increasing stimulus intensity (Lins et al. 1995). 
The mean response latency of 39.9 msec for the 40 Hz range 
is in accordance with the latency of acoustically evoked ASSRs 
in response to clicks, for example, 33.3 msec (SD = 8.6 msec, 
35–55 Hz) and 41.1 msec (SD = 5.7 msec, 29–54 Hz) (Stapells 
et al. 1984, 1987), and the latency of electrically evoked ASSRs 
in response to low-rate pulse trains of 35.6 msec (SD = 5.3 msec, 
35–47 Hz) (Hofmann & Wouters 2010). In the 90 Hz range, the 
mean response latency of 24.7 msec is slightly longer than the 
latencies found for acoustically evoked ASSRs in literature, for 
example, 15.7 to 22.0 msec (80–92 Hz) for beats or 16.1 to 
20.7 ms (81 to 95 Hz) for amplitude-modulated stimuli (John & 
Picton 2000; Purcell et al. 2003). It is longer than the one found 
for electrically evoked ASSRs of 12 msec (79–91 Hz), which 
could only partly be attributed to the mechanical transmission 
in the cochlea (Purcell et al. 2003; Hofmann & Wouters 2010). 
As shown in Figure 9, within-subject variability was low, except 
for one value in the 90 Hz range for S3. For both frequency 
ranges, the measured latencies allow the estimation of the pre-
dominant neuronal generator, with 40 Hz responses most likely 
originating beyond brainstem and 90 Hz responses originating 
in the brainstem, further confirming the correct measurement of 
the neural responses (Picton et al. 2003). In the future, measure-
ments for a larger number of DACI aided subjects might allow 
setting of standardized values according to hearing loss.
In general, response properties were in line with the hearing 
characteristics of the subjects, for example, S2 showed a steeper 
response amplitude growth across a smaller clinical dynamic 
range in comparison to the other two subjects. The differences 
in growth patterns and thresholds were in line with the subjects’ 
perceptions. No correlation coefficients could be calculated 
between behavioral and electrophysiological thresholds due to 
the small sample size, but differences of 12, 3, and 22 dB, for 
S1 to S3, are in line with data obtained for unaided stimula-
tion (Herdman & Stapells 2001). In the field of acoustic hearing 
implants, we are not aware of any other study that has reported 
on absolute threshold determination with evoked potentials. 
Comparing behavioral and electrophysiological thresholds, dif-
ferences were lowest for ASSRs in the 40 Hz range and for two 
out of three subjects in the 90 Hz range, followed by ABR peak 
V, where the detection of ABR peak V proved difficult especially 
for lower signal-to-noise ratios. Regarding the 90 Hz range, 
more subjects need to be tested to strengthen the evidence of a 
statistically significant correlation with behavioral thresholds.
CONCLUSION AND FUTURE RESEARCH
This study demonstrated for the first time that auditory 
evoked potentials can reliably be recorded and analyzed in 
patients with a digital speech processing DACI. The proposed 
direct stimulation setup minimized interference because of 
stimulus artifacts and allowed the recording of ABRs as well 
as 40 and 90 Hz ASSRs, with response properties and electro-
physiological thresholds that were similar to those reported in 
the literature.
Future research includes recording intraoperative feedback 
of direct cochlear acoustical stimulation and the automatic 
postoperative determination of preliminary fitting parameters. 
Methods need to be developed to reduce the recording time, 
rendering this method feasible for intraoperative measure-
ments. As the present study focused on feasibility, in future, a 
higher number of subjects will be investigated before complete 
clinical implementation is readily available. The use of narrow-
band stimuli such as tone bursts (Stapells et al. 1984) could 
allow the recording of more frequency specific responses. As 
the indication criteria extend to profound mixed hearing loss, 
the further development of the proposed techniques might pro-
vide an objective measure not only for the adequate coupling 
to the inner ear but also for the correct auditory processing in 
the cochlea and brainstem for difficult differential diagnosis 
cases. Absent electrophysiological responses indicating insuf-
ficient cochlear reserve during intraoperative measurements 
in such cases could pose an indication to convert the surgery 
to a cochlear implantation. The authors feel that sharing this 
insight early at this stage of direct acoustic cochlear stimula-
tion development will greatly improve near future clinical and 
translational research.
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